1 and 2 were synthesized through the complexation of 5,10,15,20-tetra-4-pyridyl-21H,23H-porphine with copperĲII) acetate and copperĲII) 1-naphthoate and exhibited two-dimensional open and closed form structures, respectively. X-ray diffraction identified the supramolecular interactions leading to these packing motifs. N 2 and CO 2 sorption isotherms indicate that 2 allows the separation of these gases.
Porphyrin-based metal-organic frameworks (P-MOFs) incorporating cavities have been widely studied in recent years. These compounds take advantage of the ability to accurately control the configuration of active sites, with anticipated applications in gas storage and catalysis, based on various combinations of transition metals and substituted organic ligands. 1 Further, advanced functional materials based on porphyrin assemblies have also been extensively studied.
2
One of the most versatile components for the construction of P-MOFs is 5, 10, 15, . The tetragonal orientation of the peripheral pyridine ligands allows the formation of infinite parallel sheets with lattice structures in which four pyridyl groups are linked together by transition metal ions. Recently, we reported an example of a porous P-MOF comprised of H 2 TPyP in a four-connected vertex with Cu paddlewheel clusters as linear linker motifs, forming regular 2 or 3-D coordination networks with an open format.
3d As shown in Scheme 1, the H 2 TPyP units are tetragonally connected via the Cu paddlewheel clusters in an infinite 2-D sheet structure with a 2.2 nm-wide square grid structure. Some P-MOFs exhibit very interesting properties that suggest potential applications, such as the selective sorption of gas molecules to modify CO 2 concentrations. 1d, 4 We have therefore developed a strategy in which H 2 TPyP and paddlewheel linkers are used to construct P-MOFs, increasing the potential for these materials to act as adsorbents exhibiting selectivity for CO 2 /N 2 . In this communication, we report the syntheses and characterizations of these P-MOFs.
Experimental
Complexes 1 and 2 and CuNaph were synthesized and the products were confirmed by single-crystal X-ray diffraction (XRD). H 2 TPyP was purchased from Aldrich, while copperĲII) acetate (CuĲOAc) 2 ), 1-naphthoic acid (Naph), and the solvents (special grade) were purchased from Wako. The single crystal required for XRD analysis was prepared using a diffusion technique at room temperature. To synthesize 1, a solution of CuĲOAc) 2 dissolved in methanol was carefully layered on top of a solution of H 2 TPyP dissolved in chloroform. The resultant mixture was allowed to stand for 1-2 weeks, during which time reddish-brown crystals of the CuĲOAc) 2 -CuTPyP (1) were formed. To obtain 2, a solution of copperĲII) 1-naphthoate (CuNaph) dissolved in ethanol was carefully layered onto a solution of H 2 TPyP dissolved in chloroform. The resultant mixture was allowed to stand for 1-2 weeks, during which time dark-brown crystals of the CuNaph-CuTPyP (2) were formed. CuNaph was synthesized by layering a solution of CuĲOAc) 2 dissolved in methanol over top of a solution of Naph dissolved in ethyl acetate. The resultant mixture was allowed to stand for 1-2 weeks, during which time emerald green crystals of CuNaph were formed. Single-crystal XRD structural data were collected for 1, 2, and CuNaph. In preparation for these analyses, the crystals were first coated with a light hydrocarbon oil and then mounted on a loop in the nitrogen stream of the diffractometer. Diffraction data for the complexes were obtained under a cold N 2 stream using a Rigaku AFC8 equipped with a Saturn70 CCD detector for 1, a Rigaku FR-E equipped with a Pilatus 200 K detector for 2, and a Rigaku UltraX18 equipped with a Mercury CCD detector for CuNaph, employing graphite-monochromated Mo Kα radiation. The structure of 1 was solved by direct methods (SIR2014) 5 with the Crystal Structure crystallographic software package and refined by full-matrix least-squares procedures on F 2 . The structure of 2 was solved by direct methods (SHELXL2013) 6 with the Crystal Structure crystallographic software package and refined by full-matrix least-squares procedures on F 2 . The structure of CuNaph was solved by direct methods (SIR92) 7 with the Crystal Structure crystallographic software package and refined by full-matrix least-squares procedures on F. The SADI command was applied when modeling the disordered benzene rings of the 1-naphthoate moieties in 2. The 1-naphthoate benzene rings in 2 were modelled as rigid groups using the EADP command. Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were refined using the rigid model. In the case of 1 and 2, the contribution of the solvent electron density was removed using the SQUEEZE routine in PLATON. 8 The final structures were validated using the PLATON cif check feature. The crystal data and structural refinement details are provided below and in the ESI. † Crystal data for 1: tetragonal, I4/mmm (#139), a = b = 22.3460Ĳ7), c = 14.2977 (7) 
Results and discussion
The reaction of H 2 TPyP and CuĲOAc) 2 produced reddishbrown crystals of 1 with a 2-D lattice structure (Fig. 1a) . The 2-D sheets were interconnected through hydrogen bonds (2.693 Å) between H atoms on the methyl groups of one 2-D sheet and O atoms on the carboxylate moieties of an adjacent 2-D sheet (Fig. 1b) . This value is shorter than the hydrogen bonds (2.828-2.954 Å) in [MeC(O)NĲH)PEt 3 ] 2 ĳCu 2 ĲO 2 CMe) 4 Cl 2 ]. 9 Because the 2-D sheets in 1 do not interpenetrate, the channels that run through the structure can be used for gas absorption following evacuation of the P-MOF (Fig. 1c) .
3d
In contrast, a combination of H 2 TPyP and CuNaph generated brown crystals of 2, also having a 2-D lattice structure (Fig. 2a) . The CuNaph was synthesized from CuĲOAc) 2 and Naph, producing green crystals consisting of molecules having paddlewheel structures, using a procedure similar to that described in the literature. 10 Here, the 2-D sheets were interconnected through CH⋯π interactions (2.46-2.68 Å) between 1-naphthoate groups on the faces and edges of adjacent 2-D sheets (Fig. 2b) . These value are shorter than the CH⋯π interactions (2.83-2.99 Å) in [Cu 2 ĲO 2 CC 14 H 9 ) 4 ĲCH 3 OH) 2 ]. 10 Although the 2-D sheets in 2 do not interpenetrate, the channels in this material cannot be used for gas absorption because the pores are blocked by bulky 1-naphthoate ligands (Fig. 2c) . CHCl 3 solvent molecules initially filled the lattice cavities in 1. The void fraction in the structure, estimated from the free volume to cell volume ratio after CHCl 3 was released from the open form structure using the van der Waals surface method, 11 was remarkably high at 0.67. This calculation assumes that the structure of the MOF skeleton did not change upon solvent removal due to the stabilizing effect of the hydrogen bonds between the 2-D sheets. The crystalline form of 2, despite the closed form, was found to have a relatively small void fraction of 0.27. The BET surface areas obtained for 1 and 2 from N 2 adsorption measurements at −196°C were 812 and 1 m 2 g −1 , respectively, which correspond to essentially open and closed structural forms. However, 2 unexpectedly exhibited CO 2 adsorption at 0°C. To examine selective CO 2 capture by 1 and 2, CO 2 and N 2 sorption isotherms were acquired up to 100 kPa at 0°C (Fig. 3) . The isotherms for both at 0°C demonstrate no uptake in the low concentration region but slowly increasing adsorption at higher concentrations. The materials were not saturated under these conditions, and the amount of CO 2 adsorbed by 2 was 0.349 mmol g (65.5 mg g −1 ) determined for 1. However, the selectivity for CO 2 /N 2 obtained from 2 was far superior to that of 1 (2: 49.6, 1: 22.9). Here, the selectivity under adsorption conditions was calculated using the equation α The closed-open transition is a vital aspect of the gas adsorption of these materials because the trigger for the transformation of the interaction between the host and guest determines the degree of selectivity. The observation that 2 adsorbs CO 2 but not N 2 shows that the selectivity results from the quadrupole moment or polarizability of the guest molecules, since both factors greatly affect the dispersion force of the guest. 
Conclusions
We report 2-D P-MOFs constructed from Cu-based paddlewheel clusters and CuTPyP. Applications of these novel P-MOFs include the selective sorption of gas molecules. This study demonstrates that both P-MOFs and, in particular, compound 2 is a suitable candidate for selectivity for CO 2 /N 2 . We believe that this selective adsorption property can also be used for catalytic reaction. Furthermore, by using the limited reaction field of MOF, high selectivity can be expected. Further studies of catalytic activity for the conversion of CO 2 into useful chemicals are now in progress. 
